Abstract. We review the concepts and findings that may be related to the occurrence of non-linear glial/neural dynamics involving interactions between polyelectrolytes of the extracellular matrix and the basement membranes that cover the endfeet of glia at CNS interfaces. Distortions of perception and blocking of learning expressed in functional syndromes are interpreted as macroscopic electrochemical patterns that emerge in grey matter through glial/neural interactions.
Introduction
The year was 1940. The neuroscientist Karl Lashley, a migraine sufferer, thought deeply about the march of scotomas of the migraine aura and reached two conclusions. 1 -features of functional syndromes could teach us how the brain works; 2 -the scotomas of the migraine aura were the perceptual counterpart of an excitation/inhibition wave spreading at 3 mm/min constant velocity through the primary visual cortex V1 (Lashley [39] ). Unbeknownst to Lashley, a young PhD student at Harvard named Aristides Leão, using a new (Grass) EEG machine, discovered in rodent cortices a wave of sudden potential drop followed by a depression of the EEG electrical oscillations. The wave he observed spread from the occipital pole to the central gyrus of the smooth surface of the rodent cortex with a velocity of 3 mm/min. As with action potentials, the wave amplitude remained constant as it spread. Leão realized that such a wave occurring in the primary somatosensory cortex of humans could explain features of the spread of motor Jacksonian seizures for example. His discovery, published in 1944 (Leão [40] ), shows (Tasaki and Chang [69] ) were taken into account, a glial origin for the slow potential drop at the spreading depression wave onset might provide a good explanation for the wave's macroscopic concomitant. Galambos also called attention to the fact that spreading depression blocked learned behavior in animals.
In the subsequent decade Galambos' prediction was validated by a group headed by Tetsuo Tomita who described relevant findings in in vitro retinas and another group who described the glial depolarization associated with waves in the cortex (Sugaya et al. [62] ; Mori et al. [45] [46] [47] ; Tomita [72] ). In the cat cortex, Sugaya et al. [62] showed with intracellular electrodes that glial membrane depolarization coincided with the extracellular potential drop measured with surface electrodes (93 cells from 35 animals). In 15 cells localized from 100 to 3000 μm deep within the cortex, the potential recorded extracellularly from the glial cell changed in the opposite direction to the simultaneously recorded glial depolarization. The neural response was more variable than the glial one. The most probable response of nearby neurons was a short burst of action potentials at wave onset followed by silence over the next minute. That's true for all central grey matter. Tomita's group found that the extracellular potential drop also coincided with glial depolarization and that at the outer retina, horizontal cells still responded to light while the potential drop of the wave was evolving. In the retina, the peak of the extracellular dV /dt also coincides with the maximum rate of change of the optical properties in nearby tissue, interpreted as structural changes in glia (Fernandes de Lima et al. [15] ). The spreading depression wave is the result of membrane interactions between glia and neurons that can only happen through the extracellular matrix.
Galambos addressed one more time the role of glia in the brain in his 2007 [22] paper (he died in 2010). In this paper he no longer makes any mention of either Ichigi Tasaki's discovery of cortical potentials and glial cell activity (by now Tasaki was a full-fledged heretic banished from mainstream neuroscience journals) as well as of the spreading depression wave. He waived his 1961 prediction that glial membrane depolarization could explain the potential drop of wave onset. He instead called attention to the concept of a tripartite synapse that had been proposed by Araque et al. [1] . And he criticized it as an oversimplification of the range of possible membrane interactions at a central synapse -i.e. neuronneuron, glia-glia, glia-neuron and neuron-glia, each with a two-way possibility. It should be noted that, at the neuromuscular junction, the tripartite model fits well. In the 1961 review, Galambos also commented on the results of Birks et al. [2] that showed direct glia-muscle stimulation following axonal degeneration in the neuromuscular junction. Our group at Hohenheim and São Paulo (USP) universities demonstrated glial initiation of excitation in central grey matter unequivocally in in vitro retinas using hydrophilic proteins, and also a high probability of initiation of excitation using the poisonous glycoside ouabain (also large and hydrophilic). We refer to the results of exposing the inner limiting membrane layer to gyroxin, protamine, crotamine and ouabain (da Silva et al. [7] ; Fernandes de Lima et al. [13, 16] ). We could see excitation spread with latencies at millisecond range (gyroxin and crotamine). Putting these results together, we can say that the basement membrane endfeet layer (or glial membrane) can initiate responses that change the whole tissue state and, in awake animals, may elicit seizures or complex sequences of motor behavior. The description of Lashley was correct, the migraine aura is an excitation wave (the glial depolarization phase-order of seconds) followed by whole tissue inhibition (time scale of one to two minutes).
It appears that Galambos' insight was correct and, if we want to understand how the brain works, we should look at how the glial network controls neural input and output. The relationalist brain of Golgi appears better suited to explain perception than the neuron-as-unit doctrine of Cajal, since in it there are no units but only networks of relations.
The basement membrane and extracellular matrix are both excitable media
In the Introduction we pointed out that, like action potentials, spreading depression waves propagate with uniform amplitude. This property is not the only one shared with action potentials: both have a threshold, a wave of excitation followed by refractory periods before recovery of full excitability, and both annihilate if separate events collide. They are similar because they belong to the same class of electrochemical phenomena; both are examples of active wave propagation in excitable media. They differ in spatial dimensionality: one, along the axon membrane, in the case of action potentials, but two (or close enough) for spreading depression waves in the thin retina (∼ 250 μm maximum width). Heartbeats, on the other hand, are manifestations of three dimensional scroll excitation waves. They are all macroscopic patterns expressed at the supramolecular and supracellular level (see Fernandes de Lima and Hanke [14] ). Brain and heart, if viewed as excitable media, must share similar rules for selforganization of spatial and temporal patterns.
Vladimir Zykov [79] wrote, in an excellent account of excitable media: "In an excitable medium it is possible for excitation to be passed from one segment to another by means of local coupling. Thus, an excitable medium is able to support propagation of undamped solitary excitation waves, as well as wave trains". . . In the meeting referred to below (footnote 1), the west got acquainted with the most successful experimental model of dissipative structures, the Belouzov-Zabotinsky (B-Z) reaction system. It provides a useful model of the relevant dynamics which can express temporal oscillations and/or self-organized spatial waves depending on experimental context. According to the excitable media interpretation, it is likely that a wide range of phenomena, including the EEG alpha rhythm and the potential drop at the onset of the spreading-depression waves, are expressions of a dynamics involving glial-neural interactions through the extracellular matrix. In the B-Z case the analogous dynamics depends on an autocatalytic reaction modelled by non-linear quadratic or cubic expansive terms, modified by relatively slow, linear inhibition. In this paper the authors adopt the Ichigi Tasaki excitable membrane model (see Appendix) and as such the adequate mathematical model is the activator-inhibitor model of FitzHugh-Nagumo (see Tasaki [64, 65] ). According to Vladimir Zykov, the brusselator and the FitzHugh-Nagumo equations show mathematical identity. This mathematical identity of their dynamics, we thought, explained the parallel behavior of the two systems' responses to manipulations of weak external forces (gravity and electromagnetic forces, see Hanke et al. [29] and Wiedemann et al. [75] ).
The field that now is called excitable media, is probably the happy result of the fast growth of computer power in the late sixties and seventies of last century as well as of a population of applied mathematicians, together with suitable experimental models and the modelling of their behavior in computers and finally, a theoretical breakthrough in irreversible thermodynamics. Until very recently, we would have traced the birth of the excitable media field back to Prigogine's publication of his brusselator model (Prigogine and Lefevre [52] ) and to an historical meeting between Eastern and Western scientists in Prague, 1 both events occurring in 1968. In 1971 Prigogine publishes his famous minimum entropy production theorem (Glansdorff and Prigogine [24] ). However we subsequently became aware of the work of Motoyosi Sugita, a Japanese physicist who worked alone in post-war Japan and, using a different formalism, arrived at similar conclusions as Prigogine's at least ten years earlier (see Iguchi [33] ). In his analysis of transient phenomena that we now call steady state far from equilibrium, Sugita proposed that the dissipation of free energy (Gibb's free energy) is what maintains the structures that Ilya Prigogine referred to as dissipative structures. However, Sugita went beyond Prigogine. He proposed that the dissipation rate tends to increase, or the rate of change of energy dissipation tends to a maximum, in dissipative structures. He called this principle the fourth law of thermodynamics. In his view, all life depended on this fourth law.
A turning point in our understanding of the parallelism between B-Z and retinal wave behavior, came in 2009 with the use of liquid deuterium in place of water as the solvent in both systems. The idea was to modify a component of the global coupling in the systems, the solvent. The physical properties of deuterium solutions differ from those of water solutions, as shown by John Katz in 1960 (Katz [37] ). Liquid deuterium and water have a similar dielectric constant and surface tension. By contrast, the viscosity of deuterium at 25°C is 25% greater than that of water. The temperature of maximum density (g/cc) also differs: 3.98°C for water and 11.2°C for deuterium. This difference can make the liquid deuterium effects similar to cooling or apparent temperature effects in experiments. However, the greater difference (except mass) between the isotopes is in self-ionization: liquid deuterium's self-dissociation is five times smaller than that of water, or its pH at 25°C is 7.41 instead of 7.0. We expected to find only slight apparent temperature and viscosity effects on our experiments. Instead, we observed accelerated excitability collapse in both systems (Klink et al. [38] ; Fernandes de Lima and Hanke [12] ). In contrast to the lower excitability and the fast pathway toward collapse in bulk reactors, the optical profiles of individual B-Z oscillations were not much affected, suggesting that the kinetics of the reaction system was much less affected than the global coupling within the system (Klink et al. [38] ). Among the unexpected results was a potential drop at the reference electrode with amplitude of the same order of magnitude as that for the retinal waves (see Fig. 4 of Fernandes de Lima and Hanke [12] ).
We used silver wire coils covered with silver chloride, these electrodes are nicknamed "nonpolarizable" because they tend to have a stable interfacial potential with the surrounding solution. The experimenter sets this potential as the relative "zero potential" in the recording system. We could see that as soon as the deuterium solution reached the bottom of the Petri dish that contained the eyecup, there was a linear potential drop at the reference electrode with no measurable latency. When the deuterium solution was again replaced by water, there was complete recovery of the interfacial potential. This result and the parallel roads to collapse in B-Z and retinas were baffling, but might be explained if water can store charge. It turned out that it can. We refer to the experiments of Gerald Pollack and Fernando Galembeck (Ovchinnikova and Pollack [50] ; Santos et al. [56] ).
We also became aware of the exclusion zone (EZ) found in interfacial water close to polyelectrolytes and its implication for the physiology of biological membranes and of blood flow in venules and capillaries (Zheng and Pollack [78] ; Zheng et al. [77] ; Gouveia and Galembeck [26] ; Chai and Pollack [6] ; Bunkin et al. [3] ; Rohani and Pollack [53] ). And finally, in 2014 in a Gerald Pollack seminar at Galembeck's institute, we became aware of the polar liquid bridges studied by Elmar C. Fuchs' group (see Fuchs et al. [19] and Wexler et al. [74] or better watch their videos 2 ). The electrical energy stored in dissociated interfacial water can be expended in the forms of heat, non-Planck infrared radiation and coherent slow flow of charged dissociated water. With this energy in mind, we could now reinterpret our own previous experimental results as well as those of others (see also Fernandes de Lima and Hanke [14] ). For example, in 1993 unequivocal coherent flow was demonstrated in a B-Z system (Rovinsky and Menziger [54] ). The authors filled to the brim a glass cylinder of 3.2 mm diameter and 25 cm length with cation exchanger beads of 40 μm diameter that were loaded with the catalyst ferroin and filled the remaining space (30% of the total volume) with the reaction solution. In order to simplify the mathematics, they treated their system as one-dimensional, but in reality it provided a good analogy for interacting membranes within the neuropil where cation-exchanging external leaflets of membranes interact. Rovinsky and Menziger interpreted their data in terms of an activator/inhibitor model with differential flow of chemical species. We propose that, within the dissociated interfacial water, two types of flow coexist: a fast free-proton flow and a slow flow of hydronium ions analogous to the flows demonstrated in water bridges (Fuchs et al. [19] ) and nafion interfaces (a polyelectrolyte, sulfate anions polyacid created by DUPONT) (Rohani and Pollack [53] [12] ) is the presence of the energy of dissociated water, which provides the crucial clue for understanding self-organization in these systems.
The basement membrane and extracellular matrix as charged gels or smart gels
To the best of our knowledge, the first paper to address the role of polyelectrolytes in nerve excitation was authored by Tasaki et al. [71] . They found that, if most of the cytoplasm is extruded or sucked out and the axon tube filled with inorganic solutions, excitability could be maintained for several hours, showing that excitability is a property of the membrane, not the cytoplasm. Furthermore, they found that the ions could be ordered in relation to favorability of excitation and that this sequence just followed the Hofmeister series or lyotropic series of colloidal physical chemistry (see Appendix). In 1967 Victor E. Shashoua, under the explicit (mentioned in the paper) influence of Aharon Katzir Katchalsky, made the first attempt to construct an artificial axon using polyelectrolytes (Shashoua [57] ). A direct descendant of this line of research is Gary Wnek's quest for the artificial axon (Wnek [76] ).
Here a digression is necessary to introduce the asymmetry of biological membranes. These are composed of two lipid leaflets, each incorporating two different polyelectrolyte gels (for more details see Fernandes de Lima and Hanke [14] ). The external leaflet incorporates glycolipids (gangliosides) that have sialic acid "trees" protruding at 90 degrees to the plane of the membrane. These are exclusive components of the external leaflet. All receptors, channels and transporters are glycoproteins and also have the same "trees" of acidic anions protruding from the lipid bilayer toward the extracellular matrix. Along the membrane plane we have the glycosaminoglycans (GAGs) heparan sulfate, hyaluronan and associate proteins. From the physico-chemical point of view, we have two polyanionic gels able to dissociate water. This structure generates the strong trans-membrane electrical field that astonished physicists presentation of the day, and begins 4 hours and 10 minutes after the start of the video. The two kinds of protons found in the bridge and the state of water between ice and liquid are discussed. At the questions time, Elmar Fuchs admits on the importance of the geometry of the dishes for the stability of the bridges. Geometry is an important factor for the propagation of waves in excitable media.
(estimated at 100 kV/cm see, for example, Frölich [18] ). This field created by the structure, stabilizes the structure, a feature common in excitable media that Hermann Haken called "circular causality". The internal gel is of course the cytoskeleton.
Although the cytoskeleton and the external leaflet of the biological membrane (this gel being continuous with the extracellular matrix) differ in composition, they have in common the property of phase transitions or "volume phase transitions" (see Appendix) in which the heteropolymer contracts and the water and ionic atmosphere around the polymer change. For example cytoplasm extracted from Xenopus oocytes can undergo several cycles of contraction/expansion with temperature (Ezzel et al. [10] ; Field et al. [17] ). The actomyosin heteropolymer responds to pH and calcium but can have these cycles even in conditions of very low calcium concentration (Ezzel et al. [10] ). Katchalsky called this bulk (macroscopic) behavior mechano-electrical coupling and discussed its implication for cell physiology (Katchalsky [35, 36] ).
Again, the pioneer in exploring volume phase transitions of polyelectrolytes in the context of nerve excitation was Ichigi Tasaki (Tasaki and Byrne [67, 68] ; Tasaki [64, 65] ). He also measured the liberation of heat at wave onset both in action potentials and retinal spreading depressions (Tasaki and Iwasa [70] ; Tasaki and Byrne [66] ) phenomena that we now associate with relaxation of structured interfacial water involved in the polyelectrolyte response to changes induced by electrical and/or mechanical stimulation. In axons and the heart these waves are physiological whereas in retina and cortex they are not, and are therefore associated with pathophysiological events. The same dynamics that produces waves produces other types of macroscopic electrochemical patterns: standing patterns and self-sustained sequences of spirals (Dahlem and Müller [8] ; Fernandes de Lima and Hanke [11, 14, 15] ). These patterns can be associated with "petit mal" seizures, complex seizures perceptual distortions and transient global amnesia that either impair consciousness or distort perception.
A single physico-chemical mechanism explains apparent different effects of salts
In their 1965 paper, Tasaki et al. state clearly that the "pores" concept and the equivalent circuit membrane model of Hodgkin and Huxley could not predict some of his results. Hence, the physical chemical interpretation or macromolecular approach is an alternative explanation for excitability in membranes and tissue. If Tasaki's membrane is assumed, then we can have an alternative interpretation for excitability modulation effects of lithium salts for example. Lithium was the least favorable cation for axon excitability. The sequence found was Rb > K > NH 4 > Na > Li. The affinity of alkali metal ions for the carboxyl groups in gels is Li < Na < K (Tasaki et al. [71] ). If lithium depressed excitability in the one-dimensional action potential due to lyotropic series effects, then the same effect is expected in the two-dimensional retinal waves and the three-dimensional heartbeat. We have a report that dietary lithium salts slow the propagation of cortical spreading depression waves (Guedes et al. [27] ). There is a positive association between the amplitudes of V and dV /dt and the spread velocity of retinal spreading depression waves (r 2 = 0.88) (Peixoto [51] ). Therefore, spread velocity and excitability are associated in spreading depression waves. In other words, lithium depressed the excitability of the cortex in rats. Finally, lithium salts alter the electrocardiogram and in rare cases life-threatening side effects have been reported with ventricular arrhythmias. The depression of T wave amplitude and prolongation of QT interval are the more common ECG repercussions in patients using lithium (Mateer and Clark [42] ; Simard et al. [61] ; Hsu et al. [31] ; Mohandas and Rajmohan [44] ). The increase of QT interval is compatible with a prolongation of the absolute refractory period of heart fibers. In each heartbeat every fiber goes through a sequence of states: quiescent, excited and refractory. The temporal sequence within the population of fibers is coupled, such that every fiber state sequence is locked to the overall tissue pattern. When a patch of tissue changes its absolute refractory period, it falls out of phase with the tissue and it can be the origin of extra systoles and at the limit, ventricular chaotic scrolls will interact in deadly ventricular arrhythmias.
Lithium lyotropic series effects can explain reported consequences of the use of lithium on one and three dimensions of excitation waves. These effects are due to the ionic atmosphere around the negative charges of the polyacids. When this atmosphere changes, the structure changes as well as the electric field associated with the structure (remember the circular causality). In other words the energy of the gel changes. We did not find reports of lithium effects on retinal spreading depression waves; however, besides the rodent cortical wave effects referred to above, the "favorability" position of Na in the sequence found in axons, is the next after Li. It happens that Na has a strong effect on retinal waves. If the concentration of NaCl in the perfusion solution of the retina increases from 100 mM to 140 mM, the amplitude of the potential drop associated with retinal waves (V ) is depressed to 40% of the controls, dV /dt peak to 23% of controls and spread velocity to 66%. Besides, NaCl drastically changes the retinal transparency and inverts the intrinsic optical signal of spreading depression waves (Peixoto [51] ) suggesting marked structural changes within the tissue. With Tasaki's physico-chemical approach we can explain lithium salt effects in excitable tissue with a single explanation.
That the most common therapeutic use of lithium is in psychiatry, we do not think is just a coincidence, but a clue to where mental functions dwell. If one takes into account that when the external gel of membranes changes, all membrane intrinsic proteins will have to change, all active and passive transporters will change. These changes will be reflected in their kinetics. All biochemical effects of lithium salts can be explained by a physico-chemical structural change at membranes.
The energy state of smart gels and a non-linear polyelectrolyte synapse
The tight coupling between energy state and shape found in charged gels could be explored by nature as a cognitive mechanism. The same Victor Shashoua referred to above, who demonstrated the excitability of a polyelectrolyte synthetic membrane, later discovered an extracellular glycoprotein, ependymin, associated with learning in fish, mice and rats (Shashoua [58] ; Shashoua and Schmidt [60] ; Shashoua et al. [59] ). He proposed that the ability of this protein to facilitate heteropolymer combination in the matrix, and its modulation by calcium, contributed to neural plasticity. However, the first researchers to attribute memory mechanisms to metastable states of polyelectrolytes were Eberhard Neumann and Aharon Katchalsky in the early seventies of last century. We quote: ". . . the potential change (of action potentials) corresponds to a variation of the field intensity from −70 kV/cm to +50 kV/cm. We may assume that these electric fields act not only across the nerve membrane, but also in its close proximity and probably across the synaptic junction. . . We may therefore consider (metastable) conformational changes of biopolymers induced by electric impulses as a model reaction for the process of imprinting nerve impulses in the structures involved in the physical memory. . . " (Neumann and Katchaslky [49] ). Another quote: "Controlled changes in the environment of metastable macromolecular structures or subcellular macromolecules, organizations such as membranes by high electric fields or by ion gradients can induce conformational changes which could serve as reproducible imprints of a memory nature" (Neumann and Katchalsky [48] ).
In 1977, experiments with the basement membrane of striated muscle showed a kind of long-term memory (two weeks): If both the muscle fiber and nerve terminal were allowed to degenerate, the pattern of the neuromuscular junction was still imprinted on the polyelectrolyte gel as demonstrated by showing that any newly formed nerve terminal or fiber membrane expressed junctional proteins at the exact place occupied by the analogous earlier structures (Marshall et al. [41] ; Sanes et al. [55] ; Ide et al. [32] ; Jo and Burden [34] ). The basement membrane is both a supramolecular arrangement and an energy pattern associated with the supramolecular architecture. Imaging this gel with infrared cameras it can be expected to show several resonances interlacing at different, superposed spatial and temporal scales. These resonances will show the effects of mechanical (sound and ultrasound) and electromagnetic energy. In order to see them one should use infrared cameras to see the non-Planck infrared radiation from the dissociated water associated with the gel. Disturbing the energy pattern can alter this memory and either the neuromuscular junction proteins will be expressed at random sites or not at all. A clear prediction.
In the field of experimental cortical spreading depression, the term "functional ablation" was used in order to show the reversible loss of the integrative cortical function when awake animals had cortical waves elicited. Impaired learning and memory and blockade of inter-hemispheric transfer of learning were demonstrated mainly by Olga and Jan Bures in Czechoslovakia (see Bures and Buresova [5] ) and later by other groups. For reviews see Bures et al. [4] and Gallo [23] . The abrupt and reversible structural change at wave onset releases energy, part of which is expressed in the form of heat (Tasaki and Byrne [66] ). We think that most of this heat is produced by the loss of structured interfacial water referred to in previous sections.
The hallmarks of histological findings in Alzheimer's disease are the heteropolymers made between a part of an intrinsic membrane glycoprotein, β amyloid protein, and glycosaminoglycans (GAGs) among other extracellular matrix components. These heteropolymers are called senile plaques and can be large (50 μm). The neuronal death marked by the fibrillary tangles inside neurons could be a consequence of the loss of glial/neural interaction. We could see the power of protamine heteropolymers in the basement membrane and the excitability control of axons, retinas and heart as discussed in previous sections (Fernandes de Lima et al. [16] ). In our experiments, protamine brought excitability collapse without apparent interference in the endfeet membrane mechanisms. A mechanical clamping of the gel appears to be the cause of the hampering of wave spread, and excitability collapse.
Basement membranes, glycocalix and extracellular matrix are all names of charged gels or polyelectrolytes. They make up the interfaces of excitable tissue and mediate glial/neural dynamics. This supramolecular arrangement can express macroscopic electrochemical patterns at supracellular dimensional scales. These patterns can be physiological, as with heartbeats and action potentials, or pathophysiological as shown by some consequences of spreading depression waves which may be either solitary or arranged in self-sustaining sequences. Standing patterns may also be dissipative electrochemical structures. The symptoms associated with these emergent patterns have perceptual and cognitive manifestations and may have repercussions for a range of other mental functions. Spreading depression waves capture essential features of glial/neural non-linear dynamics, which are themselves important to many aspects of neural, and thus 'mental', function.
Concluding remarks
This short essay offers an outline of the history of concepts and empirical research on glial-neuronal non-linear dynamics. Irreversible thermodynamics provides a useful theoretical framework for under-standing many aspects of brain function. Eberhard Neumann and Aharon Katchalsky's polyelectrolyte (and hence non-linear) synapses and Ichigi Tasaki's excitable membrane model are essential to this framework. However, we are barely beginning to understand the energy and structure of dissociated interfacial water. How it relates to ions is maybe the key to finally understanding the Hofmeister series and why we have the precise distribution of cation and anion chaotropes and kosmotropes in excitable tissue (see Appendix). The usefulness of excitable media and physical-chemical concepts derived from irreversible thermodynamics is shown clearly in their applicability to systems as diverse as both heart and brain. Figure 1 shows Aharon Katchalsky's concept of how the ionic atmosphere around polyelectrolytes could influence their overall shape. The transition from the extended to the collapsed state is often Fig. 1 . The figure shows the influence of the ionic atmosphere around polyelectrolytes in changing their shape. Any change in the local degree of ionization causes a corresponding change in the overall electrical field. This change in turn is expressed in the change in dimensions or in contractile force. Aharon Katchalsky called this behavior "mechano-electrical coupling". He proposed that nature could use this property of polyelectrolytes in many cell functions. Modified from Katchalsky [35] . abrupt in charged gels, the physical chemists call these transitions "volume phase transitions" observed in artificial (Tanaka [63] ) as well as biological polyelectrolytes. One example, upon exocytosis from goblet cells, granules of mucin undergo a 600-fold growth in volume in seconds (Verdugo [73] ).
Volume phase transitions of the external gel associated with the lipid bilayer are the key to Ichigi Tasaki's excitable membrane model. In his own words: "The cortical gel layer of nerve fibers has the properties of a cation exchanger. Hence, this layer can, and actually does, undergo a reversible abrupt structural change when monovalent cations (e.g. Na + ) are substituted for the divalent counter-ions (e.g. Ca 2+ )". . . "the reversible abrupt structural changes occurring in the cortical gel layer of nerve fibers are at the base of the process of excitation and conduction. There is abundant evidence to show that these structural changes are associated with divalent-monovalent cation exchanges taking place in the negatively charged sites in the cortical gel layer" (Tasaki [65] ). The "two states" swollen and collapsed gel model for the action potential can best be modelled by the FitzHugh-Nagumo two-variable mathematical description of the action potential.
The first publication about the possible involvement of macromolecular arrangements and their behavior in the action potential is the 1965 Tasaki et al. publication. They found that the favorability for the maintenance of excitability of several cations and anions followed the Hofmeister series. Originally this series shows the qualitative ranking of ions in the precipitation of solutions of hen egg white. Franz Hofmeister published his series in 1888 (Hofmeister [30] ), the same series is also named lyotropic series. According to their ability to stabilize and make soluble proteins, ions are said to be Kosmotropes (Na + , salting out) or Chaotropes (K + , salting in). Tasaki and collaborators found that depending on the salt used in perfused axons, excitability could be a question of minutes or several hours and that the ranking order of the cations and anions followed the Hofmeister series, suggesting the involvement of polyelectrolytes in nerve excitation.
